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Summary of Accomplishments: FY18

ÅDemonstrated a high energy density anode 
for a nonaqueous redox flow battery

ï Arene anion radical mediators (< 1 V vs. Na/Na +)

ï Red phosphorus (1,000+ mAh/g)

ÅDeveloped low cost membranes for non -
aqueous RFBs

ïPEO-CMC plasticized with tetraglyme

ïCrosslinked PEO

ïPEO Reinforced with Glass Fiber Mat

PEO-Glass Fiber Composite

Crosslinked PEO

2
Stretchable Ionomer
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Arene anion radicals were identified to mediate 
reversible Na storage in P anode

Biphenyl (ß) Pyrene (́ )

Image adapted with permission from Angew . Chem. 2013, 125, 4731

Mediation
Window

Conventional Red P Anode Organic Anion Radical Mediators

P + 3 (Na+ßÅ-) Na3P + 3 ß0Charge:

Na3P + x ˊ
0 Na3-xP + x (Na+ Ǻ-)Discharge:

P + 3 Na+ + 3e - Na 3P

Theoretical Capacity: 2,596 mAh/g P (Na 3P)
Self et al., Submitted, 2018

Biphenyl            
Pyrene              

Biphenyl + Pyrene                  

NaTFS in Diglyme                     
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Membrane

A custom redox flow cell was designed to 
demonstrate a mediated red phosphorus anode
Cell Components:

Working/Auxiliary Electrodes: Porous Ni foam
Reference Electrode: Na in 1 m NaTFS (TEGDME)
Membrane: Na+Çó Al2O3Ceramic (Ionotec, 45 x 45 x 1.5 mm3)

Serpentine Flow Channels

ORNL IP filed August 2017 
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Mediators + Red P

ˊ0ź Na+ˊÅ-

ß0ź Na+ßÅ-

Cycling Mediators Only

Phosphorus Capacity ~ 1,800 mAh/g (Na 2.11P)

XRD

Na 0.91P from Pyrene

Na 2.11P from Biphenyl

Commercial Red P

JCPDS 74-1164 (Na3P)

2ɗCuKŬ/ deg.
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Reversible Na storage in a red phosphorus anode via 
electrochemical mediation was successfully demonstrated

Electrolyte : Sodium triflate in diglyme solvent
Biphenyl (charging mediator)
Pyrene (discharging mediator)
Red Phosphorus

Na 0.91P from Pyrene

Na 2.11P from Biphenyl

Commercial Red P

Raman Spectroscopy

Raman Shift / cm-1
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Several synthesis routes were developed to produce low cost 
polymer membranes for Na -based, nonaqueous flow batteries

Linear PEO + CMC [1] Crosslinked PEO[2] Crosslinked PEO + 
Glass Mat Reinforcement [3]

Dry Plasticized

Blended CMC 
phase improves 

mechanical 
properties

Plasticization with 
TEGDME yields high 

conductivity but 
limited mechanical 

integrity

Reinforcing 
crosslinked PEO 
with a glass fiber 
mat provides 
unprecedented 
strength and high 
conductivity

[1] Ruther et al., ACS Energy Lett. , 2018.
[2] Lehmann et al., J. Mater. Chem. A , 2018 (Under Review).
[3] Yang et al., Unpublished, 2018
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Adding 5 wt% CMC to a plasticized PEO membrane improves 
the mechanical properties without sacrificing conductivity
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Plasticized, crosslinked PEO exhibits higher ionic conductivity 
and better mechanical properties compared to linear PEO

PEO crosslinked via 
amine moieties
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